Abstract. Galaxy redshift surveys are one of the pillars of the current standard cosmological model and remain a key tool in the experimental effort to understand the origin of cosmic acceleration. To this end, the next generation of surveys aim at achieving sub-percent precision in the measurement of the equation of state of dark energy w(z) and the growth rate of structure f (z). This however requires comparable control over systematic errors, stressing the need for improved modelling methods. In this contribution we review at the introductory level some highlights of the work done in this direction by the Darklight project 7 . Supported by an ERC Advanced Grant, Darklight developed novel techniques for clustering analysis, which were tested through numerical simulations before being finally applied to galaxy data as in particular those of the recently completed VIPERS redshift survey. We focus in particular on: (a) advances on estimating the growth rate of structure from redshiftspace distortions; (b) parameter estimation through global Bayesian reconstruction of the density field from survey data; (c) impact of massive neutrinos on large-scale structure measurements. Overall, Darklight has contributed to paving the way for forthcoming high-precision experiments, such as Euclid, the next ESA cosmological mission. 
Introduction
A major achievement in cosmology over the 20th century has been the detailed reconstruction of the large-scale structure of the Universe around us. Started in the 1970s, these studies developed over the following decades into the industry of redshift surveys, beautifully exemplified by the Sloan Digital Sky Survey (SDSS) in its various incarnations (e.g. [1] ). These maps have covered in detail our "local" Universe (i.e. redshifts z < 0.2) and only recently we started exploring comparable volumes at larger redshifts, where the evolution of galaxies and structure over time can be detected (see e.g. [2] ). Fig. 1 shows a montage using data from some of these surveys, providing a visual impression of the now well-established sponge-like topology of the large-scale galaxy distribution and how it stretches back into the younger Universe. Fig. 1 . Combined "cone diagram" of the large-scale distribution of galaxies from different surveys, out to z = 1. The plots includes the recently completed, deep VIPERS survey [3, 4, 5] and two sub-samples of the Sloan Digital Sky Survey (SDSS) (main sample and Luminous Red Galaxy (LRG) sample) at lower redshift [6, 7] . The plotted slices here are 4 and 2 degree-thick for the SDSS and VIPERS data, respectively.
In addition to their purely cartographic beauty, these maps provide a quantitative test of the theories of structure formation and of the Universe composition. Statistical measurements of the observed galaxy distribution represent in fact one of the experimental pillars upon which the current "standard" model of cosmology is built. Let us define the matter over-density (or fluctuation) field, with respect to the mean density, as δ(x) ≡ (ρ(x) −ρ)/ρ; this can be described in terms of Fourier harmonic components as
where V is the volume considered. The power spectrum P (k) is then defined by the variance of the Fourier modes:
The observed number density of galaxies n g (x) is related to the matter fluctuation field through the bias parameter b by
which corresponds to assuming that δ g = bδ. This linear and scale-independent relation provides an accurate description of galaxy clustering at large scales, although it breaks down in the quasi-linear regime below scales of ∼ 10 h −1 Mpc [8] . In general, b depends on galaxy properties, as we shall discuss in more detail in Sect. 3 . From the hypothesis of linear bias, it descends that P gg (k) = b 2 P (k), where P gg (k) is the observed galaxy-galaxy power spectrum. This connection allows us to use measurements of P gg (k) to constrain the values of cosmological parameters that regulate the shape of P (k). Fig. 2 [9] shows an example of such Fig. 2 . Left: Four independent estimates of the power spectrum of the galaxy distribution at 0.6 < z < 1.1 from the VIPERS galaxy survey. The four curves correspond to two redshift bins for the two separated fields W1 and W4, which have slightly different window functions (i.e. size and geometry). Center & Right: VIPERS constraints on the mean total matter density ΩM times the normalised Hubble constant h = Ho/100 and the baryonic fraction, f b = Ω b /ΩM , compared to similar measurements from surveys at low (center) and high redshift (right), plus Planck. See [9] for details.
measurements: the left panel plots four estimates of the power spectrum P (k) (more precisely, its monopole, i.e. the average of P (k) over spherical shells) obtained at 0.6 < z < 1.1 from the VIPERS survey data of Fig. 1 (see also Sect. 2.2). In the central and right panels, we show the posterior distribution of the mean density of matter Ω m and the baryon fraction f B from a combined likelihood analysis of the four measurements; these are compared to similar estimates from other surveys and from the Planck CMB anisotropy constraints [10] . More precisely, the galaxy power spectrum shape on large scales probes the combination Ω M h, where h = H o /100. Such comparisons provide us with important tests of the ΛCDM model, with the z ∼ 1 estimate from VIPERS straddling Planck and local measurements.
If one goes beyond the simple shape of angle-averaged quantities, two-point statistics of the galaxy distribution contain further powerful information, which is key to understanding the origin of the mysterious acceleration of cosmic expansion discovered less than twenty years ago [11, 12] . First, tiny "baryonic wiggles" in the shape of the power spectrum define a specific, well known comoving spatial scale, corresponding to the sound horizon scale at the epoch when baryons were dragged into the pre-existing dark-matter potential wells. In fact, it turns out that there are enough baryons in the cosmic mixture to influence the dominant dark-matter fluctuations [13, 7] and leave in the galaxy distribution a visible signature of the pre-recombination acoustic oscillations in the baryon-radiation plasma. Known as Baryonic Acoustic Oscillations (BAO), these features provide us with a formidable standard ruler to measure the expansion history of the Universe H(z), complementary to what can be done using Type Ia supernovae as standard candles (see e.g. [14] for the latest measurements from the SDSS-BOSS sample).
Secondly, the observed redshift maps are distorted by the contribution of peculiar velocities that cannot be separated from the cosmological redshift. This introduces a measurable anisotropy in our clustering statistics, what we call Redshift Space Distortions (RSD), an effect that provides us with a powerful way to probe the growth rate of structure f . This key information can break the degeneracy on whether the observed expansion history is due to the presence of the extra contribution of a cosmological constant (or dark energy) in Einstein's equations or rather require a more radical modification of gravity theory. While RSD were first described in the 1980's [15, 16] ), their potential in the context of understanding the origin of cosmic acceleration was fully recognized only recently [17] ; nowadays they are considered one of the potentially most powerful "dark energy tests" expected from the next generation of cosmological surveys, as in particular the ESA mission Euclid [18] , of which the Milan group is one of the original founders.
2 Measuring the growth rate of structure from RSD
Improved models of redshift-space distortions
Translating galaxy clustering observations into precise and accurate measurements of the key cosmological parameters, however, requires modelling the effects of non-linear evolution, galaxy bias (i.e. how galaxies trace mass) and redshiftspace distortions themselves. The interest in RSD precision measurements stimulated work to verify the accuracy of these measurements [19, 20] . Early estimates -focused essentially on measuring Ω M , given that in the context of General Relativity f Ω 0.55 M (e.g. [21] ) -adopted empirical non-linear corrections to the original linear theory by Kaiser; this is the case of the so-called "dispersion model" [22] , which in terms of the power spectrum of density fluctuations is expressed as
where P s (k, µ) is the redshift-space power spectrum, which depends both on the amplitude k and the orientation µ = cos(Φ) of the Fourier mode with respect to the line-of-sight, P δδ (k) is the real-space (isotropic) power spectrum of the matter fluctuation field δ and β = f /b, with f being the growth of structure and b the linear bias of the specific population of halos (or galaxies) used. The latter is defined as the ratio of the rms clustering amplitude of galaxies to that of the matter, conventionally measured in spheres of 8 h
For what will follow later, it is useful to note that
can be recast as βσ
which combines two directly measurable quantities to the left, showing that what we actually measure is the combination of the growth rate and the rms amplitude of clustering, f σ 8 . This is what nowadays is customarily plotted when presenting measurements of the growth rate from redshift surveys (e.g. Fig. 8 ).
Going back to eq. (4), the term D kµσ 12 is usually either a Lorentzian or a Gaussian function, empirically introducing a nonlinear damping to the Kaiser linear amplification, with the Lorentzian (corresponding to an exponential in configuration space) normally providing a better fit to the galaxy data [23] . This term is regulated by a second free parameter, σ 12 , which corresponds to an effective (scale-independent) line-of-sight pairwise velocity dispersion. Fig. 3 (from [20] ), shows how estimates of β using the dispersion model can be plagued by systematic errors as large as 10%, depending on the kind of galaxies (here dark matter halos) used. With the next generation of surveys aiming at 1% precision by collecting several tens of millions of redshifts, such a level of systematic errors is clearly unacceptable.
Exploring how to achieve this overall goal by optimising measurements of galaxy clustering and RSD, has been one of the main goals of the Darklight project, supported by an ERC Advanced Grant awarded in 2012. Darklight focused on developing new techniques, testing them on simulated samples, and then applying them to the new data from the VIMOS Public Extragalactic Redshift Survey (VIPERS), which was built in parallel.
After assessing the limitations of existing RSD models [20, 24] the first goal of Darklight has been to develop refined theoretical descriptions. This work followed 
Fig. 3. Systematic differences in the measured values of the RSD distortion parameter β (dots with green 1-and 2-σ error bands) with respect to the expected value (thinner red band, including theoretical uncertainties). Measurements are performed for catalogues of dark-matter halos with increasing threshold mass, built from an n-body simulation [20] two branches: one, starting from first principles, was based on revisiting the socalled streaming model approach; the second, more pragmatic, aimed at refining the application to real data of the best models available at the time, as in particular the "TNS" model [25] . Such more "data oriented" line of development also included exploring the advantages of specific tracers of large-structure in reducing the impact of non-linear effects. The first approach [26] focused on the so-called streaming model [27] , which in the more general formulation by Scoccimarro [28] (see also [29] ), describes the two-point correlation function in redshift space ξ S (s ⊥ , s ) as a function of its real-space counterpart ξ R (r)
Here quantities noted with ⊥ and correspond to the components of the pair separation -in redshift or real space -respectively perpendicular and parallel to the line of sight, with r 2 = r 2 + r 2 ⊥ and r ⊥ = s ⊥ . The interest in the streaming model is that this expression is exact: knowing the form of the pairwise velocity distribution function P(v |r) = P(r − s |r) at any separation r, a full mapping of real-to redshift-space correlations is provided. The problem is that this is a virtually infinite family of distribution functions.
The essential question addressed in [26] has been whether a sufficiently accurate description of this family (and thus of RSD) is still possible with a reduced number of degrees of freedom. It is found that, at a given galaxy separation r, they can be described as a superposition of virtually infinite Gaussian functions, whose mean µ and dispersion σ are in turn distributed according to a bivariate Gaussian, with its own mean and covariance matrix. A recent extension of this work [30] shows that such"Gussian-Gaussian" model cannot fully match the level of skewness observed at small separations, in particular when applied to catalogues of dark matter halos. They thus generalize the model by allowing for the presence of a small amount of local skewness, meaning that the velocity distribution is obtained as a superposition of quasi-Gaussian functions. In its simplest formulation, this improved model takes as input the real space correlation function and the first three velocity moments (plus two well defined nuisance parameters) and returns an accurate description of the anisotropic redshift-space two-point correlation function down to very small scales (∼ 5 h −1 Mpc for dark matter particles and virtually zero for halos). To be applied to real data to estimate the growth rate of structure f , the model still needs a better theoretical and/or numerical understanding of how the velocity moments depend on f on small scale, as well as tests on mock catalogues including realistic galaxies.
The second, parallel approach followed in Darklight was to work on the "best" models existing in the literature, optimising their application to real data. The natural extensions to the dispersion model (4) start from the Scoccimarro [28] expression
where P δθ and P θθ are respectively the so-called density-velocity divergence cross-spectrum and the velocity divergence auto-spectrum, while P δδ is the usual matter power spectrum. If one then also accounts for the non-linear mode coupling between the density and velocity-divergence fields, two more terms arise inside the parenthesis, named C A (k, µ, f, b) and C B (k u, f, b), leading to the TNS model by Taruya and collaborators [25] . A practical problem in the application of either of these two models is that the values of P δθ and P θθ cannot be measured from the data. As such, they require empirical fitting functions to be calibrated using numerical simulations [31] . As part of the Darklight work, we used the DEMNUni simulations (see sect. 4) to derive improved fitting functions in different cosmologies [32] :
where P lin (k) is the linear matter power spectrum and k * is a parameter representing the typical damping scale of the velocity power spectra, which is well described as 1/k * = p 1 σ p2 8 , where p 1 , p 2 are the only two parameters that need to be calibrated from the simulations. These forms for P δθ and P θθ have valuable, physically motivated properties: they naturally converge to P δδ (k) in the linear regime, including a dependence on redshift through σ 8 (z). They represent a significant improvement over previous implementations of the Scoccimarro and TNS models and allowed us to extend their application to smaller scales and to the high redshifts covered by VIPERS.
Application to real data: optimising the samples
The performance, in terms of systematic error, of any RSD model when applied to real data does not depend only on the quality of the model itself. The kind of tracers of the density and velocity field that are used, significantly enhance or reduce some of the effects we are trying to model and correct. This means that, in principle, we may be able to identify specific sub-samples of galaxies for which the needed non-linear corrections to RSD models are intrinsically smaller. This could be an alternative to making our models more and more complex, as it happens for the full galaxy population. Fig. 4 . A zoom into the central part of the W1 VIPERS region. Galaxies are described by dots, whose size is proportional to the B-band luminosity of the galaxy and whose colour corresponds to the its actual (U B) restframe colour. Note the clear colourdensity relation, for the first time seen so clearly at these redshifts, with red early-type galaxies tracing the backbone of structure and blue/green star-forming objects filling the more peripheral lower-density regions.
Such an approach becomes feasible if the available galaxy survey was constructed with a broad selection function and supplemented by extensive ancillary information (e.g. multi-band photometry, from which spectral energy distributions, colours, stellar masses, etc. can be obtained). This allows a wide space in galaxy physical properties to be explored, experimenting with clustering and RSD measurements using different classes of tracers (and their combination), as e.g. red vs. blue galaxies, groups, clusters. This is the case, for example, of the Sloan Digital Sky Survey main sample [6] . The VIMOS Public Extragalactic Redshift Survey (VIPERS) [3] was designed with the idea of extending this concept to z ∼ 1, i.e. when the Universe was around half its current age, providing Darklight with a state-of-the-art playground.
VIPERS is a new statistically complete redshift survey, constructed between 2008 and 2016 as one of the "ESO Large Programmes", exploiting the unique capabilities of the VIMOS multi-object spectrograph at the Very Large Telescope (VLT) [5] . It has secured redshifts for 86, 775 galaxies with magnitude i AB ≤ 22.5 (out of 97, 714 spectra) over a total area of 23.6 square degrees, tiled with a mosaic of 288 VIMOS pointings. Target galaxies were selected from the two fields (W1 and W4) of the Canada-France-Hawaii Telescope Legacy Survey Wide catalogue (CFHTLS-Wide), benefiting of its excellent image quality and photometry in five bands (ugriz) 9 . The survey concentrates over the range 0.5 < z < 1.2, thanks to a robust colour pre-selection that excluded lower-z targets, nearly doubling in this way the sampling density achieved by VIMOS within the redshift of interest [3] . This set-up produces a combination of dense sampling (> 40%) and large volume (∼ 5 × 10 7 h −3 Mpc 3 ), which is unique for these redshifts and allows studies of large-scale structure and galaxy evolution to be performed on equal statistical footing with state-of-the-art surveys of the local z < 0.2 Universe (see Fig. 1 ). Sparser samples like the SDSS LRG, BOSS [14] or Wigglez [33] surveys allow for much larger volumes to be probed and are excellent to measure large-scale features as Baryonic Acoustic Oscillations. However, they include a very specific, limited sample of the overall galaxy population and (by design) fail to register the details of the underlying nonlinear structure. The rich content of information of VIPERS can be further appreciated in Fig. 4 , where the connection between galaxy colours and large-scale structure is readily visible by eye. VIPERS released publicly its final catalogue and a series of new scientific results in November 2016. More details on the survey construction and the properties of the sample can be found in [5, 4, 3] . (7); here r p = s ⊥ and π = s ), using the VIPERS data. In this case the sample has been split into two classes, i.e. blue and red galaxies, defined on the basis of their rest-frame (U −V ) photometric colour (see [34] for details). The signature of the linear streaming motions produced by the growth of structure is evident in the overall flattening of the contours along the line-of-sight direction (π). These plots also show how blue galaxies (left) are less affected by small-scale nonlinear motions, i.e. those of high-velocity pairs within virialised structures. These produce the small-scale streching of the contours along π (vertical direction), which is instead evident in the central part of the red galaxy plot on the right. For this reason, blue galaxies turn out to be better tracers of RSD, for which it is sufficient to use a simpler modelling, as shown in Fig. 6 . When using the full galaxy population, the best performing model is the TNS by Taruya et al. [25] (left panel), while when we limit the sample to luminous blue galaxies only, it is sufficient to use the simpler nonlinear corrections by Scoccimarro [28] (filled circles, right panel); open circles correspond to the simplest model, i.e. the standard dispersion model [22] , which is not sufficient even in this case. See [34] for details.
RSD from galaxy outflows in cosmic voids
Cosmic voids, i.e. the large under-dense regions visible also in Fig. 1 , represent an interesting new way to look at the data from galaxy redshift surveys. As loose as they may appear, over the past few years they have proved to be able to yield quantitative cosmological constraints on the growth of structure. Indeed, growthinduced galaxy peculiar velocities tend to outflow radially from voids, which leaves a specific mark in the observed void-galaxy cross-correlation function (see e.g. [35] ). The dense sampling of VIPERS makes it excellent for looking for cosmic voids at high redshift. Fig. 7 shows an example of how a catalogue of voids was constructed from these data [36] . Fig. 7 . Example of definition and search for "voids", as performed in VIPERS. Left: the spherical void regions that make up the largest void in one of the VIPERS fields. Right: in red, the centres of all overlapping significant spheres defining the same low-density region; other void regions within this volume are shown in orange [36] .
The Darklight contribution to this new research path has been presented recently [37] . By modelling the void-galaxy cross-correlation function of VIPERS, a further complementary measurement of the growth rate of structure has been obtained [37] . This value is plotted in Fig. 8 , which provides a summary of all VIPERS estimates, plotted in the customary form f σ 8 (see Sect. 2.1 for details). The figure also includes one further measurement, based on a joint analysis of RSD and galaxy-galaxy lensing [38] , which has not been discussed here. In addition, one more analysis is in progress, based on the linearisation technique called "clipping" [39] .
Such a multifaceted approach to estimating the growth rate of structure clearly represents an important cross-check of residual systematic errors in each single technique. We stress again how this has been made possible thanks to the broad "information content" of the VIPERS survey, which provides us with an optimal compromise (for these redshifts) between a large volume, a high sampling rate and extensive information on galaxy physical properties.
Optimal methods to derive cosmological parameters
The cosmological information we are interested in is encoded in the two-point statistics of the matter density field, i.e. its correlation function or, in Fourier space, its power spectrum P δδ . As we have seen in the Introduction, this is connected to the observed galaxy fluctuations as P gg (k) = b 2 P δδ(k) , with n g = n (1 + bδ). The galaxy bias b depends in general on the galaxy properties, such as their luminosity and morphology, as well as the environment in which they are found (in groups or in isolation). Thus, in this context the bias terms are nuisance parameters that are marginalized in the analysis. However, the precision with which the measurement can be made depends very much on these parameters as they set the amplitude of the power spectrum and the effective signal-to-noise ratio.
Going beyond the standard approach to estimate cosmological parameters, as e.g. used in the P (k) analysis of Fig. 2 , in Darklight we have investigated and applied optimal methods given the observed constraints (luminosity function and bias). We can formulate this as a forward modelling problem through Bayes' theorem, which tells us how the measurements relate to the model:
On the left-hand side, the posterior describes the joint distributions of the model parameters, here explicitly written as the density field δ, its power spectrum P δδ , the galaxy bias b and the mean number densityn, but we can generalize to the underlying cosmological parameters. The posterior is factored into the likelihood and prior terms on the right-hand side. To evaluate the posterior we must as-sume forms for these functions. We begin by assuming multi-variate Gaussian distributions for the likelihood and priors since these forms fully encode the information contained in the power spectrum or correlation function statistics. In this limit the maximum-likelihood solution is given by the Wiener filter. In [45] we demonstrate that in this limit the solution is optimal in the sense that it minimizes the variance on the density field and power spectrum. Fig. 9 . Left: each point in these slices through the VIPERS W1 (top) and W4 (bottom) fields represents a galaxy with a particular luminosity and color. Right: the Wiener reconstruction of the density field computed from these observations. Beyond the survey limits the density field is generated with a constrained random Gaussian field. See [45] for details. Fig. 9 shows one possible reconstruction of the VIPERS density field. It represents a single step in the Monte Carlo chain used to sample the full posterior distribution as presented in [45] . In this work we characterized the full joint posterior likelihood of the density field, the matter power spectrum, RSD parameters, linear bias and luminosity function. These terms, particularly since they are estimated from a single set of observations, are correlated and the analysis naturally reveals these correlations.
A notable aspect of this analysis is that we optimally use diverse information including the luminosity function, density field and power spectrum to infer cosmological parameters and it becomes even more interesting with additional observables. We can envision simultaneous inference using cluster counts or cosmic shear. Generalizing requires putting a full dynamical model for large-scale structure in the likelihood term effectively moving the likelihood analysis to the initial conditions. Observational systematics may be naturally included as well.
A new kid in town: massive neutrinos
The non-vanishing neutrino mass, implied by the discovery of neutrino flavour oscillations, has important consequences for our analysis of the large-scale structure in the Universe. Even if sub-dominant, the neutrino contribution suppresses to some extent the growth of fluctuations on specific scales, producing a deformation of the shape of the total matter power spectrum. Given current upper limits on the sum of the masses M ν (M ν ≤ 0.16 eV at 95% confidence [14] ), the expected effect corresponds to a few percent change in the amplitude of total matter clustering. In the era of precision cosmology, neutrinos are an ingredient that cannot be neglected anymore. Conversely, future surveys like Euclid may eventually be able to obtain an estimate of the total mass of neutrinos with a precision that surpasses ground-based experiments [46] . To achieve this goal, we shall be able to: (a) describe how these effects are mapped from the matter to the galaxy power spectrum, i.e. what we measure; (b) distinguish these spectral deviations from those due to non-linear clustering, and to the presence of other possible contributions, e.g. forms of dark energy beyond the cosmological constant, like quintessence or in general an evolving equation of state of dark energy w(z). This has been addressed in Darklight through the "Dark Energy and Massive Neutrino Universe" (DEMNUni) simulations, a suite of fourteen large-sized N-body runs including massive neutrinos (besides cold dark matter), which have been recently completed [47] . They explore the impact on the evolution of structure of a neutrino component with three different total masses (M ν = 0.17, 0.30, 0.53 eV), including scenarios with evolving w(z), according to the phenomenological form w(z) = w 0 + w a z/(1 + z).
Running these simulations required developing new techniques to account for the evolving hot dark matter component represented by neutrinos [48] . Early analyses of the whole suite show that the effects of massive neutrinos and evolv-ing dark energy are highly degenerate (less than 2% difference) with a pure ΛCDM model, when one considers the clustering of galaxies or weak lensing observations. Disentangling these different effects will therefore represent a challenge for future galaxy surveys as Euclid and needs to be carefully addressed. Fig. 10 gives an example of physical effects that can be explored using these numerical experiments, showing weak-lensing maps (in terms of the amplitude of the resulting deflection angle) built via ray-tracing through the matter particle distribution of the simulations, for sources placed at redshift z = 1. The middle panel shows the difference between a pure ΛCDM scenario and a model with M ν = 0.53 eV. More quantitatively, in terms of angular power spectra of the deflection field, massive neutrinos produce a scale-dependent suppression with respect to the ΛCDM case, which, on small scales, asymptotically tends towards a constant value of about 10%, 19%, 31% for M ν = 0.17, 0.30, 0.53 eV, respectively.
